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Foreword 
The research summarized i n  t h i s  report  was conducted during the  
last  eighteen mcnths with the f inanc ia l  support of the National Aeronautics 
and Space Administration under Research Grant No. NGR-14-005-036. 
research is being continued with the f inanc ia l  support of J e t  Propulsion 
Laboratory, California Ins t i t u t e  of  Technology under JPL Sub Contract 951661. 
The majority of tne research performed has been or is  i n  the  process 
The 
of being reported i n  d e t a i l  through References 1-4. 
a re  available t o  interested readers; therefore, t h i s  f i n a l  report  w i l l  not 
attempt t o  rcpcnt the rnsTd.ts reported ir, these references. 
attempt i s  made t o  s m a r i z e  the results and contributions and give d e t a i l s  
only for extensions which were not reported i n  these references. 
These journal a r t i c l e s  
Instead, an 
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1 .O Introduction 
This is the f i n a l  report  f o r  NASA Research Grant NGR-14-005-036, 
"Theoretical Study of Radiant Heat Exchange f o r  Hon-Gray Non-Diffuse 
Surfaces i n  a Space Environment." This study was conceived as  an 
examination of the influence of the spectral  and direct ional  radiation 
property dependencies of ty-plcal spacecraft s t ruc tura l  materials on 
radiant heat exchenge and. equilibrium temperatures i n  a space environment. 
The objectives of the study were fourfold. First, t o  accurately 
evaluate the radiant heat exchange and equilibrium temperatures f o r  a 
representative system of surfaces i n  a space environment accounting f o r  
spectral  and direct ional  surface property character is t ics .  fiesults of such 
analysis can provide a standard of comparison f o r  a l l  currently employed 
simplified theories of radiant t ransfer  and provide the basis for  the 
nt of' imgraved methods. Secondly, t o  determine the accuracy of 
&y diif3Puee and gray diffusely emitting-specularly 
ref-ing theories of surface heat exchange for predicting heat transfer 
and equilibrium temperatures. 
improved methods for radiant heat t ransfer  analysis which can adequately 
Thirdly, t o  i n i t i a t e  the development of 
account for the radiating character of engineering materials i n  an accurate, 
ye t  reasonably simple, manner. Finally, t o  provide the direction required 
f o r  experimental radiation property measurement program i n  order t ha t  the 
required property infornation i s  available t o  implement the improved theories 
f o r  use by spacecraft thermal control designers. 
A method of analysis fo r  evaluating radiant heat t ransfer  between non- 
gray non-diffuse surfaces is introduced first i n  Section 2.0. The remainder 
of the section is  devoted t o  a description of the system and associated 
2 
? 
environment selected for study and the relationship of the widely used 
gray theories of radiant transfer t o  the r e a l  surface analysis previously 
introduced, 
diffuse, non-gray analysis i s  essent ia l ly  embodied i n  the bi-directional 
reflectance of the participating surfaces. 
reflectance of metal surfaces as well as direct ional  and hemispherical 
surface radiation properties are revie-:cd i n  Section 3.0. 
t ransfer  r e su l t s  are  not yet available fo r  the non-gray non-diffuse SUfaCe 
analysis, intensi ty  distributions f o r  a simplified version of the selected 
system are given and discussed i n  Section 4.1. 
temperatures predicted by gray theory are a l so  presented i n  Section 4.0. 
These are intended t o  extend the scope of the resu l t s  already available and 
thereby provide suff ic ient  information t o  adequately evaluate the accuracy 
of gray theory. 
therefrom axe summarized i n  Section 5 . 0 .  
Early in  the research effor t ,  a study of the bf-directional reflectance 
The detailed surface property information required for the non- 
Two models f o r  bi-directional 
idthough heat 
Heat t ransfer  and equilibrium 
The results of the research e f f o r t  and conclusions derived 
model original ly  proposed f o r  use i n  the heat tracsfer analysis revealed 
tha t  it displayed cer ta in  inadequacies. 
model was studied and found superior i n  many reszects.  This unanticipated 
stuay ' - 01 L J  V L - U L L G ~ ~ ~ ~ A ~ ~  32----*.t---l  - - - * ~ n r + ~ n ~ ~  Ab..Llrr 4135 delayed the heat transfer study t o  
the point where r e su l t s  from the non-grsy non-diffuse analysis are not yet  
available.  
A s  a resu l t  of t h i s  finding, another 
3 
2.0 Method of An&jsis - 
The purpose of thls section is threefold. First to present the method 
of analysis employed for the evaluation of radiant heat transfer and 
equilibrium surface temperatares accounting for the spectral dependence and 
non-diffuse character of racliation properties of engineering materials. 
Secondly, to focus attention on the information required to implement the 
analysis and, in particular, tne system and associated environment chosen 
for study. 
of radiant exchange analysis, namely the gray diffusely emitting-diffusely 
reflecting and gray diffusely emitting-specularly reflecting theories, are 
limiting forms of the non-grey non-diffuse analysis. 
Thirdly, to denonstrate that the widely used idealistic theories 
Certain simplifying assmptions are employed in the analysis. These 
are not expected to seriously impair the relevancy of the analysis to space 
applications. 
radiant energy trmsport 
other external sources of thermal radiation are negligible in comparison 
to the solar field and surface emission. The interacting surfaces are t&1iE.? 
opaque and the intervening media diathermanous with unit refractive index. 
O n l y  steady transport i s  considered and the influence of polarization on 
radiant exchange negiec-i;ed. 
system in the presence of a collimated solar  radiation f i e l d .  
system is used in the discussion to follow. 
It i s  assumed that surface heat exchange occurs only by 
and except for the presence of %he solar f i e ld ,  
Fig-ui-s 1 illusCurz.%ec, e t ~ i r s l  two surface 
This general 
4 
Q n 
Fig. 1 Typical two surface system in a collimated solar f i e l d .  
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2.1 Non-Gray Non-Ziffuse Surfsces 
The local rztiiant heat flux t o  a typ ica l  element of a surface, say the 
elemental area d-4 locate& a t  point P of the surface designated 1 (See Fig. 1) 
may be evaluated as the difference between the absorbed i r rad ia t ion  and the 
F 
emission. 
The terms on the right-hand side of Ey. (2.1.1) represent i n  the order i n  
which they appear; absorbed i r rad ia t ion  from a l l  surfaces o r  portions of 
surfaces observed from P, d i rec t ly  incident so la r  radiat ion absorbed a t  P 
and the emission of Ct, . 
the local radiant heat l o s s  expression only fo r  those surface elements 
d i r ec t ly  illuminzted by the solar  f i e l d .  
(Y (P, i) 
The contribution of so la r  i r rad ia t ion  appears i n  
P 
e 
The symbols ach (P,r)  and 
4 
represent the local monochromatic directlonal absorptance for 
4 * x 
i r rad ia t ion  incident Trom the r and i directions,respectively, whereas 8 H 
4 4  
denotes the loca l  hemispherical emittance. K(P,Q) and cos(n -i) are 
geometrical parameters which may be evaluated a f t e r  specif icat ion of the 
or ientat ion of the surfaces and direct ion of the collimated so lar  f i e l d  
s ~ ( P ,  ij . 
dis t r ibu t ion  and direct ion of the solar f i e l d  (Sx(P,i)), geometry of the 
system, and the temperature d is t r ibu t ion  (or  radiant flux dis t r ibu t ion)  a re  
I? 
4 
- ‘inus, if ihe specti-&. ~ ; roger t ies  cc the siirface ( r:. A. , e;), spectral  
I) 
specified,  the loca l  heat flux (o r  l oca l  temperature) nay be evaluated 
provided the spec t ra l  mdiant in tens i ty  Ix i s  available.  
The loca l  spec t ra l  radiant in tens i ty  is  determined from the following 
in t eg ra l  equation: 
6 
Y 
(2.1.2) 
4 4  
%'A where p (Q, s,r) is  the bi-directional ( o r  bi-angular) reflectance and 
the loca l  spec t ra l  emissive power of a black surface given by the Planck 
function. Equation (2.1.2) and an analagous equation f o r  I (P',s) 
const i tute  a pa i r  of simultaneous in tegra l  equations which require solut ion 
x 
+ 
x 
a t  each point on the surfaces f o r  a l l  possible direct ions i n  every wave 
length in te rva l  of importance. Once having determined such a solut ion f o r  
surfaces of specified temperature, the loca l  radiant heat f lux  follows 
d i r ec t ly  from Eq.  (2.1.1). An i t e r a t i v e  procedure involving both Eqs .  (2.1.1) 
and (2.1.2) i s  necessary t o  determine the temperature d is t r ibu t ion  Yhen the 
local. f lux  is  specif ied since the temperature en ters  both equations 
The system chosen fo r  analysis i s  shown i n  Figure 2. It consis ts  of 
two f i n i t e  length p la tes  w i t h  uniform properties and i n f i n i t e  i n  extent 
normal t o  the f igure.  This system w a s  chosen because of i t s  simple 
geometrical character, the ava i l ab i l i t y  of heat t ransfer  r e su l t s  of previous 
invest igators  f o r  cer ta in  l imit ing s i tuat ions,  and the important features  of 
spacecraft heat transfer which are  readi ly  incorporated. Among the l a t t e r  
a re  in te r re f lec t ion  phenomena and so lar  shading ef fec ts .  Moreover, by 
appropriate select ion of geometrical parameters, the r e su l t s  f o r  t h i s  system 
f i n d  d i r ec t  application t o  "radiant energy piping, " portions of louver systems, 
radiat ion shields,  cover glasses on so la r  col lectors  and other engineering 
systems. Having selected the geometry, the geometrical parameter K(P,Q) 
SA 
, Collimated Solar 
I r radiat ion 
Fig. 2 Geometry of analysis. 
8 
entering Eqs. (2.1.1) and (2.1.2) i s  readi ly  evaluated. 
The only aspect of the system environment requiring 
is the solar f i e l d .  The solar  f i e l d  i s  taken collimated 
A 
fur ther  elucidation 
and i n  the plane of 
the f igure with the direct ion ( i ) l e f t  as a parameter i n  the analysis.  
Johnson's [ 5 ] spec t ra l  dis t r ibut ion of the so la r  in tens i ty  i s  used. 
the specif icat ion of the environment, the geometrical parameter cos(n 
i s  defined i n  terms of the selected value f o r  the direct ion of incidence and 
9 
Yith 
-i) 
4 4  
P' 
the loca l  surface normal. 
The thermal surface conditions i n i t i a l l y  chosen fo r  investigation a re  
those of uniforn temgerature and zero radiant heat l o s s .  The latter provides 
so-called "equilibrium temperatures" which represent the m a x i m u m  temperatures 
a system can a t t a i n  fo r  a specified external i r rad ia t ion  f i e l d  i n  the 
absence of other modes of heat exchange. Ifhen the temperatures of the 
par t ic ipat ing surfaces are  specified in t e re s t  l i e s  i n  the evaluation of 
radiant heat transfer whereas f o r  zero radiant  heat loss, equilibrium 
temperatures a re  determined. 
It remains t o  se lec t  the surface properties for the analysis.  Section 
3.0 is  devoted t o  a discussion of two models for bi-direct ional  reflectance 
and a l so  d i rec t iona l  radiation properties.  
the simplifications real ized i n  the analysis  by the commonly employed 
Before passing on t o  these topics,  
assumptions of q e c t r a z  independence of properties (gray surfaces) and of 
diffusely re f lec t ing  or  specularly re f lec t ing  surfaces a re  considered i n  
the following sections.  Some r e s u l t s  obtained using these i d e a l i s t i c  
- 
theories  a re  given l a t e r .  
* 
Numbers i n  brackets [ ] designate references i n  Section 6.0. 
9 
2.2 Gray Surfaces - 
Most reported radimt heat exchange analyses employ the gray assumption, 
t h a t  is, the spec t ra l  dependence of radiat ion properties i s  ignored. 
no such surfaces ex i s t ,  the  r e su l t s  obtained often provide considerable 
insight  i n t o  the radiant exchange processes as veU. as suf f ic ien t ly  accurate 
Although 
results t o  warrent their uses i n  predicting general trends. 
Introducing the assumption t h a t  a l l  par t ic ipat ing surfaces are gray 
yields  the following equal i t ies  between t o t a l  and spec t ra l  property values: 
PH,h - “” C Y x  = R ,  O h  = 0, € A  = e (2.2.1) 
Also denoting t h e  spectrum integrated energy quant i t ies  with t h e  symbolism 
(2.2.2) 
The simplification introduced by t h i s  assumption i s  evident. No longer i s  
it necessary t o  solve the integral  equations f o r  in tens i ty  a t  each wave 
length. This, of course, greatly reduces the numerical e f f o r t  normally 
required t o  evaluate r e su l t s  from radiant exchange analysis.  
10 
I . 
2.2.1 Diffusely Emitting--Diffusely Reflecting Surfaces 
One of the commonly e,nployed idealizations for the directional 
variation of surface emission and reflection is that corresponding to a 
diffuse surface. 
with equal intensity in t z l l  directions. 
is equal to the hemispherical emittance. 
of a diffuse surface need not be identical for all directions of incident 
energy, it usually is so taken and this further stipulati.on is employed here. 
For a diffuse surface, the bi-directional reflectance, directional reflectance 
and hemispherical reflectance are equal. 
relations corresponding to gray diffusely emitting-diffusely reflecting 
A diffuse svrface emits energy and reflects incident energy 
Therefore, the directional emittance 
Although the directional reflectance 
The heat flux and intensity 
surfaces are as follows: 
The further simplication introduced by the additional assumption of a 
diffuse surface eliminates the need to evaluate the intensity in different 
directions. 
radiosity, B(Q) . 
element per unit tiEe and area and is related to the intensity of a diffuse 
surface by the relation 
It is customary in diffuse analysis to employ the concept of 
Radiosity is simply the total energy leaving a surface 
B = - I .  
Introducing radiosity into Eqs. (2.2.5 ) and (2.2.6) yields the following 
e quat ions : 
11 
The determination of the solution t o  Ecj. (2.2.8) f o r  various geometrical 
arrangements of different  systems of surfaces has been the goal of many 
previous investigators.  
2.2.2 Diffusely _I_ Emitting--Specularly Reflecting Surfaces 
A second model f o r  surface re f lec t ion  vhich has received considerable 
a t tent ion i n  the recent l i t e rn ture  is  tha t  of speculzr ref lect ion.  
specular reflection, the incident beam leaves the surface 
incidence with the polar angle re la t ive  t o  the surface normal equal t o  that 
of the incident beam. 
In  a 
i n  the plane of 
Also, the  s o l i d  angles of transfer for incident and 
ref lected radistion are equal. Diffuse and specular ref lect ion a re  usually 
considered as the t w o  l imiting ci4ses for  ref lect ion from a surface. 
f o r  a recently reported analysis [ 3 1, the dependence of the reflectance 
Except 
magnitude on the direction of incidence i s  usually ignored and the diffuse 
emisshn  mn&L retzinpc?. This serveg t n  a!gn+fjcantly reduce the complexity 
of specular ref lect ion analysis. 
The bi-directional reflectance of a specularly ref lect ing surface i s  a 
Dirac de l ta  function i n  which case the integral  i n  the intensi ty  re la t ion  
of Eq. (2.2.4) degenerates t o  the single term p (Q)X( I? f , r  
the direction of the incident ray which i s  specularly ref lected in to  the r 
4 4 
) where r denotes 
SP sp 4 H 
direction. Then fo r  a gray diffusely emitting-specularly ref lect ing 
surface, the heat flux and intensi ty  expressions become: 
Q H 
- EH(P) "T4(P) (2.2.9) 
(2.2 s o )  
The last  term i n  the in tens i ty  re la t ion  is  retained only fo r  the 
-+ 
direct ion corresponding t o  r Equation (2.2 .lo) has i n  pr inciple  
SP' 
been solved by a number of investigators employing the concepts of ray 
t racing or image surfaces. 
3.0 Radiation Properties 
Implementation of the heat transfer analysis requires surface radiation 
property information, particularly an acceptable description for the 
bi-directional reflectance of engineering materials. 
bi-dlrectional reflectance are considered i n  Section 3.1. 
this study, the Davies model [ 61 originally proposed for the heat transfer 
study was discarded in fzvor of the Bechann model ( 7 1. 
hemispherical properties are considered in Sections 3.2 and 3.3 respectively. 
Unlike previous investigations, the pu,rpose of these studies was to evaluate 
the accuracy of certain approximate formulas f o r  calculating directional and 
hemispherical properties. 
relations is particularly attractive as a means of reducing the complexity 
and calculation time required in the ali.t?ady difficult and time consuming 
heat transfer calculations. Criteria are developed which assure a prescribed 
Two models for the 
As a result of 
Directional and 
The relative simplicity of the approximate 
accuracy in the evaluation of' directlorial and hemispherical prcperties when 
using the simpler approximate relations. 
3.1  Bi-Directional Reflectance 
A number of models for the reflection of electromagnetic radiation from 
surfaces with widely different topography have been proposed in the literature 
[ 7 1. Most o f  these are derived for electrical conductors of infinite 
conductivity. 
to consider volume effects since under such conditions the reflection process 
The limitation to infinite conductivity eliminates the need 
is a surface phenomenon. This artifice greatly simplifies the analysis but, 
of course, plsces severe limitations on the models. 
results are usually modified in some approximate manner for application to 
The infinite conductivity 
engineering materials. 
14 
The two models examined here consider only the influence of surface 
Since de t a i l s  of t h i s  roughness on the dis t r ibut ion of ref lected energy. 
study are  reported i n  reference [ 11, discussior, is  l imited t o  the more 
s ignif icant  resu l t s  and t h e i r  implications f o r  the heat t ransfer  study. 
The influence of surface roughness on the radiation properties of 
materials may be generally discussed i n  terms of the magnitude of the 
opt ica l  roughness of the awface. 
t o  the r a t i o  of a characterist ic dimension of the surface asperity height 
t o  a character is t ic  wave length of the incident radiation. 
roughness values much greater than unity, multiple ref lect ions occur 
between roughness elements result ing i n  increased emittance and decreased 
reflectance as  compared t o  tha t  of the same material with an opt ical ly  
smooth surface. This, of course, i s  the phenomenon which resu l t s  i n  the 
so-caUed "cavity effect"  whereby the apparent emittance or absorptance of 
& 
roughness, the methods of geometrical optics apply and results using such 
analysis have been reported f o r  simple cavikf shapes. 
when opt ical  roughness i s  small, the influence of multiple ref lect ions i s  
s m a l l  and the emittance and reflectance of the swface are essent ia l ly  
ident ical  to thoseof  an optically smooth surface. However, the dis t r ibut ion 
of ref lected energy i s  strongly affected by the surface roughness. 
s m a l l  opt ical  roughness values, the dis t r ibut ion of reflected radiation may 
be clescribed i n  terms of a diffract ion model. 
By opt ica l  roughness, reference i s  made 
For opt ical  
s l a rger  than t h a t  of the constituent material. For lerge optical 
On the other hand 
For 
The range of opt ical  roughness for spacecraft s t ruc tura l  materials 
i s  of in te res t  i n  establishing the type of model more appropriate i n  the 
present study. For metals, surface roughnesses character is t ic  of those 
15 
produced by normal machining, grinding, and polishing operations result ' 
i n  mechanical root mean square roughness heights of about one micron with 
a half or fourth probably more representative. For surfaces of these 
roughnesses and radiation i n  the infrared (0.8-100 ijd ) the  approximate 
range of opt ical  roughness is 0.003 t o  1.0. 
also appears appropriate fo r  solar radiztion at  least f o r  the smaller 
mechanical roughness of polished surfaces. 
roughness values of in te res t ,  a diffract ion model appears appropriate for  
describing the influence of surface roughness on the radiation properties 
of metals. 
are here discussed. 
This range of opt ica l  roughness 
In  view of the range of op t ica l  
Two such models, namely those of Beckmann [ 7 ] and Davies 6 1 
Both the Davies and Beckmann bi-directional reflectance models consider 
the ref lect ion of unpolarized radiation from a perfect ly  conducting material 
with random surface heights dis t r ibuted according t o  the Gaussian d is t r ibu t ion  
with standard deviation 0 . %e two d+be!nsional dis t r ibut ion function is 
Gaussian with auto-correlation coeff ic ient  also Gaussian with correlation 
distance a. Physically, CT represents the root mean square surface rough- 
ness height and a i s  proportional t o  the reciprocal of the root mean square 
slope of the surface roughness prof i le .  
a f f ec t s  are neglected a d  analysis limited t o  r a t io s  of correlation distance 
a t o  wave length ), much larger than unity (a/X >7 1). 
t r e a t s  only the l imiting cases of very s m a l l  (a/h <c 1) and very large 
(o/X >>1) optical  roughness. 
point of departure i n  h i s  analysis limits the r e su l t s  t o  surfaces with 
extremely small roughness prof i le  slopes and therefore the Davies'result f o r  
very large opt ica l  roughness values is part icular ly  questionable. 
Interref lect ions and shadowing 
Davies, however, 
Beckmann [ 7 ] points out tha t  Davies i n i t i a l  
16 
The resultwof both analyses for bi-directional reflectance of infinite 
* 
conductivity materials, fX( $, n;8,5), are conveniently expressed as the sum 
of two terms. 
and the other, fX, ic( $, n;8, *), denotes the incoherently reflected energy. 
Beckmann's analysis yeilds 
One term, f (q ) ,  represents the coherently reflected energy x, c 
where 
c 
with u(z) the unit step function which has the value 0 for argument less 
than zero and 1 otherwise. The Davies model for small optical roughness 
differs only in the expression for the incoherently reflected energy. 
the Davies model, Equation (3.1.3) is replaced with the following expression. 
For 
1 
The angles in the previous expressions are shown in Fig. 3. 
- - -  
* 
In Figures 3, 4, and 5 ,  0 = 9.  
Both models satisfy the Helmholtz reciprocity requirement and predict 
t h a t  the dis t r ibut ion of coherently ref lected e n e r a  depends only on the 
angle of incidence, so l id  angle containing the incident energy and the 
single surface parameter optical  roughness, (o/X). Figure 4 i l l u s t r a t e s  the 
results obtained for  the coherent component of both models as a function of 
the opt ica l  roughness of the surface for a range of angles of incidence. 
The trends are  as expected. For specified angles of incidence the coherently 
ref lected energy leaving the surface i n  the specular direction diminishes 
with increasing opt ical  roughness and the surface appears opt ical ly  smoother 
with increasing angles of incidence f o r  a specified opt ical  roughness. 
Ekperiment 181 appears t o  confirm the  coherent term. 
The incoherent term of the bi-directional reflectance models contributes 
t o  the energy ref lected in to  the specular direction as well as all other 
possible d i r ec t i a i s .  According t o  both models the dis t r ibut ion of incoherent- 
l y  ref lected energy depends on - two surface roughness parameters (o/X) and 
(a/x). rple dependence on the root mean square slope of surface roughness 
does not appear t o  have been fully recognized by other investigators although 
experimental evidence appears t o  substantiate t h i s  dependence [ 8  J 
i l l u s t r a t e s  r e su l t s  obtained from the Beckmann model f o r  a rznge of opt ichl  
roughness values with an angie of incidence of 10’. 
Figure 5 
The dis t r ibut ions obtainec? 
f o r  *;d’;cs =? (=./>.> nre  each ~ ~ p l c e  f ~ c J / X )  ~f nnv+icr iIar  
r-- --- --- \ I  
significance is  the increasing specularity of the  surface with increasing 
(a/h) fo r  a selected (u/X) va3.ue. 
of specified opt ical  rovgbness approaches a specularly ref lect ing surface as 
the  roughness slopes Cixir.i&h. 
roughness, s p c i f i c e l x y  values f o r  (e/~), t ~ i e  only data apparently a v a i l a ~ - ?  
That is, the model predicts t h a t  a surface 
DJe t o  inadequate deecription of surface 
V 
Fig, 3 Angles of incidence and ref lect ion.  
7 
/ 
In 
0 
cu 
0 
- 
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R 
Fig. 5 Normalized incoherent b i d i r e c t i o n a l  
reflectance from Beckrnann’s model. 
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t o  evaluate the Beckmann model is t ha t  of Birkebak [ 8 1. 
i s  inaderjwte t o  verify tne mode1,a typical  comparison is  shown i n  Figure 6. 
Further de t a i l s  and comparisons are available i n  reference [1 1. 
Although t h i s  data 
Since both models a re  derived f o r  perfect ly  conducting materials, a l l  
incident energy should be accounted fo r  i n  the reflected beam, t h a t  is, 
the direct ional  reflectance should be unity independent of angle of incidence 
and the surface roughness parameters (a/l) and (a/l). 
reflectance is  determined by multiplying the bi-directional reflectance with 
(cos OaWr/n) and integrating over a l l  so l id  angles. 
The directional 
Results obtained f o r  the directional reflectance R 
f o r  the Beckmann and Davies modeli. 
unit direct ional  reflectance i s  generally not obtained. 
however, satisfies t h i s  requirement qui te  w e l l  and is notably superior t o  tha t  
of Davies. The Dsvies model predicts uni t  directional reflectance only i n  
the range of surface roughness parameter 
purely specular ref lect ion is  so s l i gh t  as  t o  be neglected with l i t t l e  l o s s  i n  
accuracy. 
are given i n  Table I x 
It i s  evident from these results t h a t  
The Beckxnanr~ model, 
values i n  which the departure from 
Since the uni t  reflectance c r i t e r i o n i s  essent ia l ly  an energy 
conservation requirement, it i s  clear  t ha t  the use of tne Davies model, which 
grossly violates  energy conservation i n  the range of opt ical  roughness 
parameters of in te res t ,  could render heat exchange resu l t s  useless. 
t h i s  finding ear ly  i n  the research e f fo r t  whica prompted the study of the 
Beckmann bi-directional reflectance model. 
It was 
A s  noted ear l ie r ,  tne bi-directional reflectance models discussed were 
derived for perfectly conducting materials and must be modified fo r  use with 
R 
R 
22 
80 90 
Sum of coherent and incoherent components. 
- --- Incoherent component. -.- Curve connecting data. 
Fig .  6 Canparison of Beclanann’s mo,del with Birkebak’s data. 0 
(Data fo r  ground glass Al. coated; r e f .  [ 8 ] ; 0 =  0 . 6 7 ~ ;  *= 10 ) - 
R = n(+,v,#) cose/fk ( ~ ; d w )  COS 9
TABLE 3. 
Directional Reflectance from Beckmann's Model and Da7iries' Model 
* 
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Values above and below dashed l i n e  refer t o  Beckmann's model and 
'Davies' model, respectively 
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TABU 1 continued 
engineering materials. 
bi-directional reflectance for infinite conductivity by the directional 
reflectance of finite conductivity materials with an optically smooth surface. 
Although this method is not completely satisfactory and other approximations 
are possible [ 11 , it, as well as the general need to consider directional 
property dependencies, lead t o  a study of directional reflectance. The 
results of this study are discussed in Section 3.2. 
One suggestion put forth is to simply multiply the 
A s  a result of this study of bi-directional reflectance, the Davies 
model was discarded and the heat exchange calculations based on that 
proposed by Beckrmnn. 
First, the development of the Beckmann model indicated a firmer theoretical 
foundation and a wider range of applicability in terms of the optical rough- 
ness parameters (o/X) 2nd (ab). Secondly, the gross violation of the 
energy conservation reguireaent by the Davies model for optical roughness 
parameter values of interest in this investigation. 
could rentler the results of the heat transfer study useless. 
sufficient experimental data is not availsble to substantiate the Beckmann 
or, for that matter, any other model for  bi-directional reflectance. 
qualitative agreelzlent appears to exist with tae limited data availsble 
although quantitative agreement is only fair. 
This was justified on the basis of two criteria. 
This latter deficiency 
Unfortunately, 
Hovever, 
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3.2 Directional Properties 
The directional radiation properties of optically smooth surfaces have 
been considered by uany previous investigators. 
study differs substantially from previous efforts in that the prime purpose 
Eowever, the intent of this 
is to ascertain the degree of validity of simplified formulae for directional 
properties. The exact relations of electromagnetic theory are particularly 
tedious to use in numerical calculatioiis and the use of approximate relations 
can significantly reduce the complexity of the heat transfer calculations. 
Electromagnetic theory provides directional reflectivity relationships 
for optically smooth uncontaminated surfaces in terms of the refractive and 
absorption indices of the material. The expressions for the specular 
reflectivity of a non-magnetic material are: 
RADIATION POLARIZED PERPENDICULAR TO PLANE OF INCIDENCE ( p  ) 
5 ,  x 
cos26 - 2na cos6 -I= n2(1 -I= k2) j3 
cos2B + 2na cos$ t. n2(1 e k') p (0 )  = ps, x 
RADIATION POLARIZD PfWILLEL TO PLANE OF INCIDENCE ( p. ) 
1, x 
n2(1 + k2) cos28 - 2ny cos6 + 
n2(1 + k2) cos2@ + 2ny cos0 + p 
P. ( 0 )  = 1,x ( 3 . 2 . 2 )  
with 
Y =  (1 - k2> a + 2k d(1* k2) B - a 2  
(1 e k2) (1 + k2) 
where the opt ical  constants n and k specify the real and imaginary components 
of the complex index OB refraction 
N 
n = n(1 - i k )  (3 .2 04) 
and 8 denotes the polar angle of the incident beam measured re la t ive  t o  the 
surface normal. 
are  i n  essence spectral  values since both n and k are  strong functions of 
wave length. 
adjacent t o  the ref lect ing surface is a vacuum or gas for  which the refract ive 
index is  unity and absorption index zero. 
unpolarized, the monochromatic specular reflectance is the arithmetic mean 
of ps,x and pi,x. Then 
The Fresnel r e f l ec t iv i ty  re la t ions of Eqs. (3.2.1) and (3.2.2) 
Also, these relations are  s t r i c t l y  applicable when the medium 
If the incident radiation i s  
where &(e)  denotes the directional r e f l ec t iv i ty  f o r  unpolarized radiation. 
The complicated character of the exact 2e f l ec t iv i ty  relations has 
inspired the use of sinpler approximate formulae. 
considered here a re  those derived f o r  the case where 
The approximate relat ions 
n2(1 + k2) >> 1 
\?hen the chyre h n l i : ~  the fectors  n_ ; p: and y of Ea .  (3.2.3) are  
approximately unity resul t ing i n  the following simpler expressions: 
) RADIATION POLARI2;ED PERPENDICULAR TO PLSWE OF INCIDEXE ( p s,x 
(n - cos 8)* + n2k" 
(n c cos e)" + n2k2 
(8) = (3.24 
PS,A 
28 
RADIATION POLARIZED PARALLEL TO PLANB OF INCIDENCE ( ) pi ,x  
1 - -)' + n2k2 
( n  + -)" + n2k2 
(3 -2 .7 )  (n case 
i,x COS e 
( 0 )  = P 
Either s e t  of re la t ions f o r  r e f l ec t iv i ty  may be u t i l i zed  f o r  the 
direct ional  absorptivity of opaque materials through the relat ion 
and consequently, according t o  Kirchhoff's l a w ,  
f o r  the direct ional  emissivity a s  well. 
angular dependence of the components of the direct ional  r e f l ec t iv i ty  
Representative resu l t s  fo r  the 
) and the directional r e f l ec t iv i ty  for unpolarized radiation (h) (pB,x' 9,x 
are Illustrated i n  Figs. 7, 8, and 9 for va3ues of the absorption index of 
0.0, 0.5, and 4.0, respectively. The results fo r  both the  exact and 
approximate relat ions a re  shown i n  eech figure f o r  selected values Of the  
refract ive index. 
accurate results especially for values of the absorption index exceeding 4 .O. 
However, as  might be expected, the direct ional  r e f l ec t iv i ty  predicted f o r  non- 
conductors (k = 0.0) for  uni t  refract ive index i s  i n  gross error .  
evident from the figures tha t  the approximate relat ions yield r e su l t s  of 
In  general, the approximate relat ions give exceptionally 
It is a lso  
considerably greater accuracy f o r  P ( e )  and px(6) than for pi,x (e>  s,x 
Criteria have been developed to  assure a selected percentage accuracy 
by the use of the approximate relat ions.  
parmeter  
The use of t h i s  table  m a y  be i l l u s t r a t ed  by the following example. 
These are  given i n  terns  of  the 
n2(1 + k2) f o r  1.0, 5.0, and 10.0 per cent accuracy i n  Table 2. 
If the 
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accuracy of a certain calculation warrants only a 5.0 per cent accuracy i n  
the direct ional  re f lec t iv i ty ,  the approximate formulae of Egs.  ( 3 . 2 . 6 )  and 
(3.2.7) may be used t o  evaluate the r e f l ec t iv i ty  f o r  unpolarized radiztion 
provided n2(1 + k2) 2 7 i f  n 2 1. On the other hand, i f  polarization 
e f fec ts  a re  of importance, n2(1 + k') must exceed 70 when n > 1 t o  assure - 
a 5.0 per cent accuracy i n  the calculation of pi, l e )  . Should the material 
exhibit  values of n2(1 + k2) < 7, then there i s  no al ternat ive but t o  use 
the exact re la t ions t o  achieve the desired accuracy. 
The normal emissivity has received considerable a t tent ion i n  the 
l i t e r a t u r e .  
be measured i n  comparison to ,  for  example, the hemispherical emissivity. The 
This may be generally a t f r ibuted t o  the ease with which it may 
normal emissivity, E i s  the direct ional  emissivity evaluated i n  the 
direct ion of the surface normal ( c = 0 ) .  
N, x 
The approximate formulae y ie ld  
the value derived from the exact relations,  t ha t  is, 
h 
The dependence o f 6  on the opt ical  permeters  n and k is  i l l u s t r a t ed  i n  
N I  x 
Figures 10 and 11. 
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3.3 Hemfspherical Properties 
The relat ions of electromagnetic theory for directional r e f l ec t iv i ty  
of opt ical ly  smooth uncontaminated surfaces may also be used t o  evaluate 
the monochromatic hemispherical emissivity, E . The hemispherical 
emissivity may be determined from the direct ional  emissivity by integration 
H, 
over hemispherical space. 
d 2  
,,(a) s i n  28 d0 H,X E 
0 
( 3 . 3 4  
Account ha3 been taken i n  Eq. (3.3.1) f o r  the azimuthal symmetry of  EA(^) 
Analytical integration of the  exact relationships for E ( 0 )  f o r  x 
arb i t ra ry  n and k does not appear possible. However, for e lec t r i ca l  non- 
conductors (k  = 0) the following closed form may be obtained: 
(SI 1 (3n + l)(n - 1) - n2(n2 - 1)2 - - -  
6(n + 1)2 (n" e 1)' H,X - 2 
€ 
" Jn n (303.2) 8n4( n4 + 1) 
(n2 c 1)(n4 - 1)2 
2n3(n2 + 2n - 1) 
(n4 - 1)(n2 4 1) + 
The approximate formulae for  n2(1 4- k2) >>l, namely Eqs. (3.2.6) and 
(3.2.7), yie ld  the fo1lc;wing analytical  r e su l t  fo r  hemispherical emissivity 
fo r  a rb i t ra ry  n and k: 
I 1 + 2n f n2(1 + k2) - 4n2 an 4 n(1 c k") = 4n + [ n2( l  f k2) 
1 -c 2n + n2(1 + k2) 4 
n2(1 -I- k2)2 
- 
n2k(l c k2)2 
h2(1 - k2) tan-l [
k c 
A comparison of thc resul ts  f o r  hemispherical emissivity obtained by 
numerical integration of the  exact re la t ions and those evaluated from 
Eq, (3 .3.3)  i s  shown i n  Figures 12 and 13 for  refract ive index values less 
than and greater than unity, respectively. 
index is  considered i n  each f i g u r e .  
discrepancy i n  results i s  indistinguishable on Figure 13 provided k exceeds 
0.50. The la rges t  e r ror  incurred. by the use of Eq. (3 .3.3)  fo r  n 2 1 is  
9.0 per cent a t  n = 1 and k = 0. For val.ues of the refract ive index less 
than unity, e r rors  of an order of magnitude are  incurre2 by the use of 
Eq . ( 3.3.3) fo r  small values of refract ive index. 
with refractive indices l e s s  than l a i t y  possess large 
absorption index so t h a t  Eq.  (3 .3.3)  i s  again adequate except possibly f o r  
refract ive indices l e s s  than about 0.1. 
A range of values f o r  absorption 
For values of n greater than unity, the 
Fortunately, most materials 
valws fo r  the 
Quantitative c r i t e r i a  have been developed f o r  the use of Eq. (3.3.3) i n  
eWW&Wng BemisphericaJ. emissivity vhen the refract ive and absorption index 
are specified i n  terms of the parameter n2( 1 + k2) 
Table 3 and w e  used i n  the same manner as those 2reviously given i n  Table 2 
f o r  the approximate directional r e f l ec t iv i ty  re la t ions.  
These a re  given i n  
TABLE 3 
MINIMUM ALLOMBLE VALUES OF n2(1 + k2) 
FOR SELECTED ACCURACY IN APPROXIMATE 
€IEMISPHF,RICAL EIMISSIVITY RELATION 

A l l A l S S l  Vu3 lV'31t33HdSIW3H 
Y'H3 L 
The resu l t s  for monochromatic normal emissivity of Section 3.2 and 
those f o r  rnonochrornatic hemispherical emissivity presented here may be 
u t i l i zed  t o  construct curves of verses . Such curves are  
par t icular ly  useful for  the determination of the opt ical  constants of 
materials. 
emissivity of an opt ical ly  smooth uncontaminated plane sample suff ices  t o  
determine n and k a t  the wave length of the measurement. 
Figures 14, 15, and 16 have been constructed from the r e su l t s  of the exact 
'H, A/'N, N, h 
Measurements of the spectral  normal and spectral  hemispherical 
With t h i s  i n  mind, 
curves 1 
re lat ions.  The complicated character of versus 
requires a number of f igures t o  adequately display the resu l t s .  Figures 14 
and 15 i l l u s t r a t e  the resu l t s  for  absorption index -Jalues between 0.0 and 
20.0 for  refract ive indices less and g rea t e r than  unity, respectively. The 
experimental values of n and k f o r  e l ec t r i ca l  conductors are  such tha t  c 
BJ x 
is often less than 0.2. Since t h i s  portion of Figure 15  i s  d i f f i c u l t  t o  
.. . 
ist;e5pret, it is shown st a smaller scale i n  Figure 16. 
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4 .O Heat Transfer and Equilibrium Temperatures 
The non-gray non-diffuse surface heat t ransfer  study has not progressed 
t o  the point where heat t ransfer  resu l t s  are  available. 
dis t r ibut ions have been calculated using the Beckmann bi-directional 
reflectance model i n  the s t r i p  system i l l u s t r a t ed  i n  Fig. 17. 
However, in tens i ty  
These show 
signif icant  departures from those of diffuse and specular surfaces. Section 
4.1 i s  devoted t o  a discusoion of these resu l t s .  
A s  previously indicated, the accuracy of the commonly employed gray 
theories fo r  heat t ransfer  w i l l  be assessed by comparison of heat t ransfer  
and equilibrium temperatui-es predicted by these wi th  t ha t  of the comprehensive 
r e a l  surface analysis i n  progress. 
available are insuff ic ient  for a meaningful comparison. 
Unfortunately, the gray theory results 
A s  a resu l t  of this 
deficiency, an e f fo r t  was in i t i a t ed  t o  supplement the available analyses with 
those required f o r  t h i s  study. The system considered i n  each case i s  t h a t  of 
U - w a y  of review, the assumptions employed i n  the gray analysis include 
the neglect of end ef fec ts  ( i n f in i t e  width p la tes )  f o r  equal length opaque 
p la tes  exchanging radiant energy i n  the absence of an attenuating media but 
i n  the presence of a collimated solar  f i e ld .  
are taken uniform over the extent of each surface. 
The properties of each surface 
The prescribed temperature 
dis t r ibut ion f o r  radiant flux caiciil&.tioil as well 88 thc prescribed f l ' ! !~  
dist r ibut ion fo r  temperature determination w i l l  be res t r ic ted  t o  a spa t i a l  
variation only i n  the distance measured normal t o  the common apex. Under 
the prescribed contiitions, the loca l  heat f lux  f o r  surfaces of prescribed 
temperature and the local  temperature fo r  surfaces of specified loca l  radiant 
flux a lso  depends only on the coordinate along the p la te  length. 
fo r  diffusely emitting-diffusely ref lect ing surfaces i s  summarized i n  Section 
The analysis 
X 
Fig, 17 Thin strips geometry. 
L... 
- .  
1 2  . . . .  I . . . . . . .  N 
- 5  
-L -I 
- 
Fig .  18 F i n i t e  difference form of t h i n  strips geometry. 
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’ 4.2 .I while t h a t  fo r  diffusely emittj.ng-specularly re f lec t ing  surfaces is  
presented i n  Section b.2.2. 
adjoint  p l a t e  system (ao = bo = 0) i n  a solar f i e l d  directed along the 
bisector  of the included angle (es  = 2 ) f o r  bothanayses a re  presented 
and discussed i n  Section 4.2.3. 
Equilibrium temperature d is t r ibu t ions  f o r  the 
n- Y 
The analysis of Section 4.2 neglects the dependence of radiat ive surface 
propert ies  on direct ion of incident o r  emitted radiation. 
r e su l t s  of a gray analysis for specularly re f lec t ing  surfaces of uniform 
temperature which includes the d i rec t iona l  dependence of emissivity, 
absorptivity,  and r e f l ec t iv i ty  a re  reviewed i n  Section 4.3.  
t h i s  analysis are available i n  the literature [ 3 1. 
The heat t ransfer  
The details of 
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4.1 Non-gray Non-diffuse Surfaces 
---I 
This section is  devoted t o  the presentation and discussion of 
representative samples of i n i t i a l  r e su l t s  obtained from the non-gray, 
non-diffuse radiant heat exchange analysis. Although the investigation 
is  not complete, resu l t s  are available srhich indicate tha t  s ignif icant  
deviations from gras diffuse o r  gra2- specular r e su l t s  can be expected. 
The importance of a complete characterization of surface roughness is a lso  
demonstrated. 
The resu l t s  presented here are spectral  intensi ty  dis t r ibut ions 
calculated f o r  the thin, adjoint s t r i p s  geometry (Figure 17) with given 
uniform and equal surfece temperatures and no external flux. The 
direction& emittance i s  tha t  predicted by the Fresnel relations,  and 
for present purposes it is  assumed t h a t  variations of the refract ive and 
absorption indices v i t h  wave length are  small enough t o  be neglected. 
For wave lengths i n  the infrared t h i s  should be reasonably valid.  
I_ - 
Numerical solutions were obtained with each s t r i p  divided in to  ten 
equal length elements (Figure 18). The width o f  the s t r i p s  was taken as 
one tenth the s t r i p  length. The numerical solution yields, f o r  each 
element the in tens i t ies  i n  the  directions along l i nes  drawn from the center 
of the given element t o  the center of each of the ten elements on the 
opposite s t r i p .  It m u s t  be emphasized t h a t  the resu l t s  presented here are  
preliminary and only quali tative remarks can be made concerning them. Much 
work remains before quantitative r e su l t s  can be given. An important factor  
t o  be evaluated i s  the truncation e r ror  introduced by the f i n i t e  subdivision 
of the system. 
If an accurate semigray model fo r  radiant exchange is t o  be developed, 
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it is  necessary t o  determine the a f fec t  of surface roughness on radiant 
exchange f o r  the range of' the spectrum of in te res t .  The r e su l t s  shown on 
Figure 19 are for t h i s  purpose. 
f ixed roughness parameters 0 and a as  required by the Beckmann reflectance 
The s t r i p  surfaces were asswed t o  have 
model. Intensi ty  distribu-kions were then calculated fo r  emission a t  several  
different wave lengths. The par t icular  parameter values selected are 
indicated on the figure.  For these calculations the direct ional  emissivity 
was taken t o  be t h a t  predicted by the Fresnel re la t ions  f o r  n = 9.25 and 
k = 2.0. These values y ie ld  a spectral hemispherical emissivity of 0.1. 
In tens i t ies  were a l so  calculated f o r  smooth (specular) surfaces with 
direct ional  emissivity its described above, and f o r  diffusely ref lect ing 
and emitting surfaces with spectral  hemispherical emissivity of 0.1. 
The results shown on Figure 19 f o r  element four indicate tha t  s ignif icant  
variations i n  intensi ty  dis t r ibut ion ( loca l  ra.diant f lux)  can occur for 
varXous portions of the spectrum. That is,even though n acd k heve been 
assumed independent of waxre length, the radiant exchange appears non-gray 
due t o  roughness a f fec ts .  
(a/x and a / X  decrease) the intensi ty  dis t r ibut ions approach tha t  f o r  purely 
It is  observed taat as the wave length increases 
specular reflection. These preliminary calculations a l so  indicate t h a t  the 
specular and diffuse r e su l t s  may not represent upper and lower bounds on the 
loca l  intensi ty .  
It should be recognized tbdt the large dip i n  the specular curve near 
the element normal i s  due t o  the small number of subdivisions used. 
Recently a t tent ion has  been directed toward determining the surface 
character is t ics  necessary for an adequate description of radiation properties.  
Much of the published da-ka f o r  radiation properties of rough metall ic surfaces 
I e- -e  
O0 
I 
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YFig. 19 Normalized in tens i t ies  of element No. 4 with 
fixed CY and a f o r  several wave lengths. 
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has been accompanied by only an estimate of op t ica l  roughness 
Figure 20 shows normalizeci intensity dis t r ibut ions calculated: f o r  the s t r i p  
system with opt ica l  roughness fixed at  
o/X . 
a/X = 0.2 and f o r  two values of 
correlation distance a/?, = 5.0 and 15.0. The strong influence of the 
correlation distance a on the intensi ty  dis t r ibut ion indicates t ha t  
specification of opt ical  roughness by i t s e l f  is insuff ic ient  t o  allow 
accurate loca l  radiant exchange predict iom. 
4.2 Gray Surfaces--Directionally Independent Properties -
Both the analyses of Section 4.2 consider gray diffusely emitting 
surfaces with the l imiting cases of diffuse (Sec. 4.2.1) and specular 
(See. 4.2.2) reflection. 
of surface properties i n e i t h e r  analysis. 
No account i s  taken f o r  the direct ional  dependence 
4.2.1 Diffusely Emitting--Diffusely Reflecting Surfaces 
An analysis is  br ie f ly  described which effect ively reduces the 
evaluation of l oca l  radiant heat l o s s  o r  temperature t o  the determination 
of the solution t o  two simulteneous l i nea r  in tegra l  equations. 
demonstrated tha t  under certain conditions the governing in tegra l  equations 
It i s  
may be simplified t o  two pa i rs  of in tegra l  equations whose solution ctepends 
only on the surface properties and included angle. 
temperature dis t r ibut ions fo r  the adjoint p la te  system derived from the 
analysis are  presente?. i n  Section 4.2.3. 
Equilibrium surface 
Consider first the evaluation of l oca l  radiant heat l o s s  for  the 
surfaces when the teniprature dis t r ibut ion on each is  specified. 
radiant t ransfer  r a t e  from on eleaent Mi of p la te  i (i = 1 or  2) is the 
difference between the ra tes  at which energy i s  emitted and incident eneray 
The steady 
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Fig. 20 Normalized intensities of element No. 5 with 
fixed CJ /h for two values of a/ . 
: 
absorbed. 
of the considered element, g;l, may be expressed as 
On a uni t  area basis, the net radiant heat l o s s  per unit t i m e  
(i = 1, 2) 
represent l oca l  b l &  body emissive power, radiosity,  ‘i where Eb,i, Bi, 
and emissivity, respectlvely. 
If the loca l  radiant heat loss i s  specified, Eq. (4.2.1) may be 
rearranged t o  y ie ld  the loca l  temperatu_re. 
( i  = 1, 2) 
I n  Eq. (4.2.2), CJ i s  the Stefan-Boltzmenn constant. 
In  e i ther  surface condition, t he t  is, specified temperature or ._ .
(4.2.2) 
specified heat flux, the evaluation of the quantity of i n t e re s t  (heat f lux  
or temperature) i s  readi ly  calculated once the radiosity dis t r ibut ion has 
been evaluated. !Jith t h i s  i n  mind, a t tent ion i s  turned t o  the determination 
of the radiosity.  
incident energy consists of the sum of contributions due t o  diffuse energy 
leaving p la te  j (j f i) and direct  illumination by the collimated so lar  f i e l d .  
- Thus 
where 
x . x 1 3  2 s i n  y 
3/2 [x;" 4- x: - 2x,x, * cos y] 
K x.,..) = -
$ 1  3 2 
L J J - J  
(4.2.4) 
The integral  appearing i n  E g ,  (4.2.3) represents the contribution of the 
adjacent p la te  t o  the incident energy and SFi(xi) the d i rec t  illumination due 
t o  the solar f i e ld .  S remains the value of the solar  f lux measured normal 
t o  the collimated f i e l d  on a unit area surfacer 
spa t i a l  variation of the direct ly  incident solar  flux on the surfaces. 
Fi(xi) accounts f o r  the 
As 
an example, F .  (x. ) is  given by the re la t ion  
1 1  
Y Fi(xi) = s i n  F ,  (i = 1, 2)  (4.2.5) 
fo r  f a y  illuminated surfaces. 
For surfaces with specified radiant flux, Eq. (4.2.2) may be used t o  
eliminate E (= (3 T:) i n  favor of the known flux qy(xi) t o  y ie ld  
b, i 
B . ( x . )  K (x.,..) dx.+ S Fi(xi) 
(4.2.6) 
3 3  Y l J  J 
Bi(xi) = C:;(X..) - + 
Both pa i rs  of integral  equations, t ha t  is, those f o r  specified 
t e q e r e t ~ e  Cist.t-,rihii.t.inn (R? .  (4.2.5) )! and those for  Specified surface heat 
flux (Eg. ( k . 2 . 6 ) ) ,  m e  included i n  the gemra l  form 
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For surfaces with speci.fied temperature d is t r ibu t ion  
Ci = 1 - ei, Gi(xi) = E ~ E ~ , ~  (x.)+ C i s  Fi(xi) 
while f o r  surfaces of specified l o c a l  radiant heat l o s s  
(4.2.8) 
ci = 1, G i ( X i )  = ¶;(xi) + s F i b i )  (4.2.9) 
The solution of the simultaneous l i nea r  in tegra l  equations, Eg . (4.2.7), 
depends on a number of parameters including the properties of the plates ,  
included angle, solar  f i e l d  magnitude and direction, and e i the r  the 
d is t r ibu t ion  of temperature or radiant heat t r ans fe r  along the surfaces. 
Considerable simplificztion may be real ized i n  the system, Eq. 
(4.2.7), when the  functions Gi are  non-zero constants. I n  par t icular ,  it 
may be shown t h a t  the rad ios i t ies  Bi are given by 
are determined by the pia and pjb where the dimensionless rad ios i t ies  
simultaneous in tegra l  equations 
( 4.2.11) 
The solution of Egs .  (4.2.11) depends only on the included angle and 
propert ies  of the p la tes .  For surfaces with specif ied radiant heat flux, 
t h e  parameter dependence reduces t o  only the  included angle. 
The simplifications which r e s u l t  when the Gi a re  non-zero constants 
54 
per ta in  t o  some important s i tuat ions.  The d i r ec t ly  incident so la r  radiat ion 
i s  uniform f o r  a f u l l y  illuminated system and a semi-illuminated system i n  
which one surface i s  comple.tely illuminated and the  other receives no direct 
so lar  illumination. O f  course, the  t r i v i a l  case of no d i r ec t  illumination is  
a l s o  a poss ib i l i ty .  For these conditions of exposure t o  the so la r  field, 
the  Gi 
t ransfer  is  uniform. 
l a t t e r  case only f o r  fully illuminated surfaces. 
are constant provided the surface temperatures or radiant heat 
Equilibrium temperatures may be determined i n  the 
I n  summary, when both surfaces have uniform but not necessarily 
ident ica l  temperatures and a re  exposed t o  the collimated so la r  f i e l d  such 
t h a t  the system is  fu l ly-  o r  semi-illuminated, the  dimensionless l o c a l  
radiant  heat loss of e i ther  surface may be evaluated from the  r e l a t ion  
Ti 4 / 1 q !y Xi) 
.aT4 = (l-El) 
1 
1 ref 
( 4.2.12) 
where Tref i s  an a rb i t ra ry  reference temperature. 
l o c a l  radiant heat l o s s  under the same conditions of so la r  illumination, the 
l o c a l  tempera'Gure may be evaluated from the r e s u l t  
For surfaces of constant 
(4.2.13) 
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The dimensionless radiosities 
Eq. (4.2.11). 
Pia and pib (i = 1,2) are the solutions to 
4.2.2 Diffusely Emitting-Specularly Reflecting Surfaces 
An analysis is presented fo r  the evaluation of local radiant heat 
flux or temperature of gray diffusely emitting-specularly reflecting 
surfaces. It is shown that the local radiant flux for surfaces of 
specified temperature distribution may be directly calculated. Equilibrium 
temperature distribution for surfaces of zero raciiant heat flux requires the 
solution of simultaneous linear integral equations. 
results obtained from the analysis are given in Section 4.2.3. 
Equilibrium temperature 
Again, consideration is initially given to the evaluation of local 
radiant heat loss for surfaces of specified temperature distribution. 
steady radiant transfer rate from element dAi of plate i (i = 1 or 2) is the 
difference between the rates at which enere is emitted and incident energy 
absorbed. On a unit area basis, the net radiant heat loss per unit time of 
The 
the considered element, q"(x ), may be expressed as i i  
where H represents the local irradiation. i 
If locaJ radiant heat l o s s  is specified, Eq. (4.2.141 may be rearranged 
to yield the l o c d  temperature. 
Thus the evaluation of local radiant heat loss for surfaces with specified 
temperature distribution or surface temperature distribution for surfaces of 
specified loca l  heat flux requires the determination of the local i r rad ia t ion  
Hi(xi) . Attention is therefore directed t o  the evaluation of Hi(xi) 
The i r rad ia t ion  of an element of surface i, Hi(xi), consists of contri-  
butions due t o  both surfaces and the collimated solar f i e ld .  The contri-  
bution of each source may be evaluated by accounting f o r  the energy d i rec t ly  
transported a d  t h a t  arr iving by a l l  possible specular ref lect ions.  The 
l a t t e r  may be determined by employing the imaging techniques currently i n  
widespread use. The resu l t  of such analysis i s  an expression of the 
following form : 
The summation i n  Eq. (4.2.16) accounts f o r  the emitted energy of both 
surfaces which arr ives  by di rec t  transport  and specular reflections.  The 
remaining t e r m  is the contribution of the collimated solar f i e l d  which again 
accounts f o r  d i rec t  and specular ref lect ion paths. 
Fi and K 
ref lect ing surfaces of Section 4.2.1, but a l s o  on the values f o r  the specular 
In  general, the function 
depend not only  on geometry as  i n  the analysis for diffusely Y 
reflectance of both surfaces. 
Introducing Bq. [4.2.i6j i n t o  E¶. (4.2.i4j yields  tine foiiowing 
expression for the loca l  radiant heat flux for surfaces of specified 
temperature : 
(i = 1,2) (4.2.17) 
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According t o  the 8bwe resu l t ,  the loca l  radiant heat flux may be evaluated 
once the properties of the surfaces, magnitude and direction of the solar  
f ie ld ,  and the orientation of the surfaces are specified. 
contrast  t o  the necessity f o r  f i r s t  determining the solution t o  auxi l iary 
in tegra l  equations i n  the diffusely ref lect ing analysis of Section 4.2.1. 
For surfaces of specified radiant flux, Eq. (4.2.16) may be used t o  eliminate 
HI(xi) from Eq. (4.2.17)- 
This is i n  
(i = 1,2) (4.2.18) 
Equations (4.2.18) consti tute a pa i r  of simultaneous l inear  integral  equations 
f o r  the temperature dis t r ibut ions on both surfaces. 
on the values selected f o r  the properties of both plates  ci(pi = 1 - ei), 
t K % r i a t i o n  of loca l  heat flux along each surface, megnltude and direct ion 
a? cxXlimated solar fleld, and the geometric& relationships between the 
Their solution depends 
surfaces. Further gross simplifications such as those f o r  the diffusely 
ref lect ing surface analysis of Section 4.2.1, do not appear possible even 
f o r  uniform flux except f o r  res t r ic ted  values of the included angle between 
the surfaces. 
If consideration i s  limited t o  the adjoint p la te  system ( a  = b = 0) 0 0 
with ident ical  property plates and collimated solar f i e l d  directed along 
the bisector of the included angle, the loca l  heat l o s s  f o r  specified 
temperature and local temperature fo r  specified radiant f lux on both surfaces 
is  ident ical .  For t h i s  situation, the functions 
following form : 
and Fi a re  of the 
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F ~ ( x ~ )  = s i n  Y i- p %(x i  - xi) s i n  - 3Y + p2u ( X I  - xi) s i n  2 5Y + . 
2 2 2  
(2m + 1 ) ~  ( 2 m  - 11'1 + sin 
+ P  11-1 m - 1  2 2 (x' - xi) s i n  
m - 1  
( 4.2.20) 
where 
x x  - sin2ny i j  
3/2 [xq + x2 - 2x.x. cos ny 1 fny ( x p J  - 2 J 1 J  
> 1, 2 - 0  
.,(4 = { 0, z < o  
(k2.21)  
(4.2.22) 
(4.2.23) 
and p denotes the common sgecular reflectance value of the surfaces. The 
number of terms i n  K 
the velue of the included angle. Thus, when the surfaces of the system heve 
uniform properties and specified dist r ibut ion of temperature, the dimension- 
less local racliant heat flux of e i the r  surface rnw be evaluated from the 
following relat ion:  
and Fi, t h a t  is the vdlues of k amd m depend on Y 
(i = 1,2) (4.2 2 4 )  
For surfaces of constaiit l o c a l  radiant heat flux, the local dimensionless 
temperature is determined by the simultaneous solution of the pair of 
integral equations 
Equilibrium surface temseratures are determined from Eq. (k.2.25) 
equating the local radiant flux to zero. 
by 
4.2.3 Equilibrium Temperature - 
Equilibrium surface temperature distributions have been determined for 
the. ad&xint plate system (ao = bo = 0 )  with identical property plates exposed 
to a collimated solar f i e ld  directed parallel to the bisector of the included 
angle (es- (X-Y) /2), In thls situation, the temperature distribution is 
identical on both surfaces. 
emitting-diffusely reflecting and the diffusely emitting-specularly reflect- 
ing analyses are shown in Figures 21, 22, and 23 f o r  included angles 
or 30 , 90 , ana ZOO, respectiveiy. 
fo r  emissivity values of 0.1, 0.5, and 0.9 for specularly reflecting surfaces 
and the single distribution required for  a diffuse surface. 
the solar constant utilized to construct the figures is S = 442 BTU/hr ft2. 
Representative results for both the diffusely 
0 0 
111 each f i g u r e  ~ i - e  sf i~vn ~istri5~tions 
The value of 
The temperature distributions exhibit some common characteristics which 
should be expected in view of the variation of local irradiation along the 
surfaces. First, the maximum temperature occurs at the apex and decreases with 
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increasing values of the opening angle when all other parameters are held 
fixed. Secondly, the temperature dis t r ibut ion is  a monotonically decreasing 
function of the distance from the apex with the extent of the non-uniformity 
of temperature from apex t o  end diminishing with increasing values of the 
opening angle €or selected emissivity. 
O f  par t icular  in te res t  i s  the comparison of m a x i m u m  temperature and 
equilibrium temperature distributions f o r  the diffusely reflecting and 
specularly ref lect ing surfaces a t  the various opening angles of the system. 
!Turning first t o  the m a x i m u m  system temperatures, it may be noted tha t  apex 
temperatures f o r  the 30' and 90' included angles a re  independent of the 
assumed ref lec t ion  model. 
angles as exemplified by the resul ts  f o r  120'. It may be shown tha t  the 
corner temperature is  independent of whether the surfaces are specularly 
or diffusely ref lect ing when the value of the included angle is  n /n  where 
Such i s  not the s i tua t ion  f o r  arbi t rary inclilded 
n is  a posit ive integer. 
The behavior of the equilibrium temperature a is t r ibut ions lends consider- 
able insight  i n to  the radiant exchange process. 
f o r  120' i l l u s t r a t e d  i n  Figure 
contribution of the solar  f i e ld  t o  the i r rad ia t ion  of the plates i s  ident ica l  
f o r  both the diffusely reflecting and specularly ref lect ing surfaces. Now 
a l l  ref lected energy leaves t h e  opening after a single ref lect ion when the 
surfaces are specularly reflecting. 
surfaces redis t r ibute  the reflected energy unifomily over hemispherical 
space and hence some of t h i s  energy returns t o  the adjacent surface. 
the element a t  each location of the diffusely ref lect ing surface 
experiences a greater incident flux than the corresponding locations on a 
Consider first the results 
23. For t h i s  value of included angle the 
On the other hand, diffusely ref lect ing 
Thus, 
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specularly ref lect ing surface. Hence, the diffusely ref lect ing surface 
should everywhere exbibit  a greater temperature than tha t  of a specularly 
ref lect ing surface. 
should increase as the magnitude of the specular reflectance increases. These 
trends are all evident i n  Figure 2 3 .  
included angle of 90' has one significent difference from that at  120° which 
reverses the trends from those of 120'. 
specularly ref lect ing system experiences an increase i n  solar  f lux  uniformily 
over the extent of the surfaces as a r e su l t  of the inage of the solar source 
i n  the adjacent surface. That is, an observer stationed on e i the r  surface 
of the specularly ref lect ing system observes an additional solar source i n  
the adjacent surface with an apparent solar constant which is  the product 
of the surface reflectance and the solar constant of the external f i e ld .  
This increase i n  loca l  solar flux for the  specularly re f lec t ing  surfaces 
should dominate and thereby resu l t  i n  greater  i r rad ia t ion  f o r  the specular 
ref lect ing system than f o r  the diffusely ref lect ing surfaces. 
apparent solar  constant increases with the reflectance 
l o c a l  equilibrium temperatures should increase with increasing reflectance. 
Figure 22 confirms these observations. The lowest temperatures are  
achieved by the diffusely ref lect ing surface with the temperature difference 
between the diffuse and specular surfaces increasing with increasing values 
of reflectance. 
30' exhibit  both trends evident for 90' and 120' included angles. Near the  
apex, the increased solar flux due t o  the f ive  apparent solar  sources r e s u l t s  
i n  temperatures f o r  the specdar ly  ref lect ing surfaces which exceed those 
fo r  the diffusely ref lect ing surfaces. On the other hand, near the p la te  
This difference i n  temperature a t  corresponding locations 
The radiant t ransfer  process for  an 
For an included angle of go0, the  
Since the 
of the surfaces, the  
The equilibrium temperature r e su l t s  f o r  an included angle of 
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ends where only d i rec t  and five times ref lected solar  energy is incident 
on a specular surface, the increase i n  solar  f lux  is not suff ic ient  t o  
exceed the i r rad ia t ion  on a diffuse surface and, consequently, the diffuse 
surface experiences the higher temperature. 
temperature dis t r ibut ion f o r  the specular surface system evident i n  
Figure 21 are  a r e su l t  of the discontinuities i n  the local ly  incident solar 
flux and neglect of heat conduction i n  the plates .  
The discontinuities i n  the 
A comparison of results t o  those reported by Plamondon and Landran 191 
fo r  the adjoint p la te  system with diffusely emitting-diffusely ref lect ing 
surfaces shows large differences i n  predicted temperatures. 
and Landran included the wave length Ciependence i n  t h e i r  calculations f o r  
some selected materials but used only four elements i n  t h e i r  f i n i t e  
difference solution. 
ref lect ing r e su l t s  reported here exceed those reported f o r  the non-gray 
analysis by as much as 5'joR f o r  polished aluminum and 185OR f o r  a surface 
painted W-100 white and black. 
the gray resu l t s  were 12OoR lower f o r  the polished aluminum and 14OoR higher 
f o r  the painted surface. 
cannot be en t i re ly  attri'outed to  the lack of accounting f o r  wave length 
dependence of properties because the four element f i n i t e  difference network 
of Plamondon and Landran i s  not suff ic ient  f o r  accurate results, especially 
near the apex where the largest  differences i n  temperature occur. However, 
even if only half the difference i n  temperature is attrabuted t o  non-gray 
surface property effects,  it appears t h a t  gray analysis can result i n  errors  
as large as almost 100°R i n  predicted temperatures. 
Plmondon 
For an included angle of 30°, the gray diffusely 
A t  a value of 60' f o r  the included angle, 
These large differences i n  predicted temperatures 1': 
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4.3 Gray Surf aces-Directions Properties 
Radiant he& t ransfer  resul ts  obtained from a gray surface analysis 
of %he adjoint p la te  system have been reported i n  d e t a i l  i n  reference [ 31 
This  a n a y s i s  for specularly ref lect ing surfaces accounts f o r  the angular 
dependence of radiat ive surface properties in the absence of any external 
radiat ion field f o r  uniform $emperatwe surfaces. 
analysis were compared with the corresponding r e su l t s  determined by analysis 
which neglects direct ional  property var ia t ion ( "constant property analysis") . 
For the range of system parameters studied, l oca l  heat t ransfer  derived on 
the basis  of constant property analysis with hemispherical property values 
gave r e su l t s  of acceptable engineering accuracy except near the apex, where 
discrepencies as large as a factor  of two were observed. Total heat losses  
evaluated from the simpler constant property analysis were generally within 
a few percent of those whlch account f o r  direct ional  property variations.  
It appears, therefore, tha t  neglect of d i r e c t i o n d  property dependencies i n  
engineering radiant heat transfer calculations for specularly re f lec t ing  
surfaces i s  generally jus t i f ied .  Considerable care should be exercised, 
however, f o r  surf aces which receive major contributions t o  t h e i r  irradfat:i,.r. 
from energy incident at large angles r e l a t ive  t o  the surface normal. 
The results of this 
c 
. 
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5.0 Summary and Conclusions 
-7- -
A method of ana2ysis has been presented f o r  the evaluation of radiant 
heat t ransfer  betveen engineering materials which accounts for  both the 
spectral  and direct ional  character of radiation surface properties. 
analysis is  being applied t o  a selected two surface system i n  the presence 
of a collimated solar  f ie ld  t o  determine the loca l  radiant t ransfer  from 
surfaces wi th  specified temperature dis t r ibut ions and t o  calculate the loca l  
temperature for  surfaces with prescrfbed variation of loca l  radiant heat 
t ransfer .  Results of t h i s  analysis are  not yet  available but subsidiary 
investigationsin support of the non-grar non-diffuse surface heat t ransfer  
study have provided some s ignif icant  findings. These are summarized here. 
This 
The detailed surface property information required t o  implement the  
r e a l  surface analysis is  contained i n  the spectral  bidirect ional  reflectance 
of the participating surfaces. A s  a result of a study of the Davies [61 and 
Beckmann [TI  b i -direct ional  reflectance m o b l s  it may be concluded that 
1. 
2. 
3. 
The Davies model i s  inaaequate f o r  the heat t ransfer  study 
because of i t s  gross violation of the energy conservation 
requirement i n  the surface opt ical  roughness range of in te res t .  
The Beckmann model i s  far superior t o  t h a t  of Davies and provides 
an acceptable d.escription of the spa t i a l  description of ref lected 
energy from a roughened metal surface. 
Sufficient experimental data i s  not available t o  adequately 
evaluate the  bidirectional refxectance model. 
The approximate directional r e f l ec t iv i ty  re la t ions derived from electro-  
magnetic theory f o r  n2( 1 t k2) >>1 provide exceptionally accurate descriptions 
of the radiation property values of opt ical ly  smooth uncontaslinated surfaces. 
c 
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Quantitative criteria have been developed which assure certain selected 
prescribed accuracies in the use of these approximate relations for the 
evaluation of the polarized reflectivity components as well as the unpolarized 
reflectivity and hemispherical emissivity. 
Intensity distribGtions determined from the non-gray non-diffuse surface 
analysis utilizing the Beckmcuu? bi-directional reflectance model have been 
determined for  a simplified version of the original system chosen for 
analysis. 
reflecting and specularly reflecting surfaces. 
These indic&e significant departures from those of diffusely 
Insufficient results of gray surface analysis for both specularly and 
diffusely reflecting surfaces are available for the system and environment 
chosen for study. 
results in order. that a meaningful comparison to the results of the 
comprehensive non-gray non-diffuse study could be achieved. 
temperature distributions determined by the use of gray completely diffuse 
surface theory show differences in local temperature as large as 185 R from 
a recently reported analysis which accounts for the spectral variation of 
surface properties. 
An e f f o r t  was initiated t o  supplement the available 
Equilibrium 
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